Abstract. Should teachers concentrate on critical thinking, estimation, measurement, and graphing rather than college-clone algorithmic physics in grades K-12?
Rote learning: Opium for the mind
Traditionally taught science and mathematics teach little except obedience. Here are examples for the skeptical. This gem is discussed by Alan Schoenfeld (1987) :
One of the problems on the NAEP [National Assessment of Educational Progress] secondary mathematics exam, which was administered to a stratified sample of 45,000 students nationwide, was the following: An army bus holds 36 soldiers. If 1128 soldiers are being bused to their training site, how many buses are needed?
Seventy percent of the students who took the exam set up the correct long division and performed it correctly. However, the following are the answers those students gave to the question of 'how many buses are needed?': 29% said...31 remainder 12; 18% said...31; 23% said...32, which is correct. (30% did not do the computation correctly).
It's frightening enough that fewer than one-fourth of the students got the right answer. More frightening is that almost one out of three students said that the number of buses needed is '31 remainder 12'. [emphasis added] Mathematics has no meaning for most students; it is a sequence of mysterious steps, which the clever or obedient quickly master to score high on examinations. More disturbing than mindless mathematics are examples showing that students are not bothered by nonsense. An example from Schoenfeld (1991) shows the trouble:
In his dissertation research, Kurt Reusser . . . (Reusser 1988) . . . asked 97 first and second grade students the following question: 'There are 26 sheep and 10 goats on a ship. How old is the Lots of mental arithmetic without reference to paper or blackboard.
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More mental arithmetic. 8A
Reasons for processes. Explaining how to attack problems.
The principle of learning in context continues through the entire curriculum. A short summary of each year's curriculum is in Table 1 ; detailed descriptions are in (Benezet 1935b) .
Assessment
Benezet combined qualitative and quantitative assessment, the better to convince people who accept one or other kind of evidence.
As a qualitative assessment, he asked students questions that appear ridiculously easy:
The distance from Boston to Portland [Maine] by water is 120 miles. Three steamers leave Boston, simultaneously, for Portland. One makes the trip in 10 hours, one in 12, and one in 15. How long will it be before all 3 reach Portland? (Benezet 1936) In the regularly taught 9th grade, 6 out of the 29 students (!) got it right. In the experimental 2nd grade, all students got it right. Benezet does not say what answer the regularly taught 9th-grade students gave, but the example of sheep and goats suggests that it was probably 37.
Benezet also asked students to explain their thinking:
I was trying to get the children to tell me, in their own words, that if you have two fractions with the same numerator, the one with the smaller denominator is the larger.
From the regularly taught 8th grade, he got: 'The smaller number in fractions is always the larger', and 'The denominator that is smallest is the largest.' Etta Berman, in her Masters thesis (1935) on the Benezet experiment, used numerous quantitative assessments:
verbal: antonyms, synonyms, alphabet, analogies, anagrams mathematical: word problems, single-and multidigit addition and multiplication; subtraction, addition, multiplication, and division of fractions; long division everyday knowledge: 'common sense'; typical prices (e.g. of gasoline and coal), interest rates, and discounts
In formal arithmetic, the experimental students caught up to the regular ones in only 4 months during the 6th grade. As Berman concluded with academic understatement: 'The results of this study cast doubt upon whether we are justified in devoting five years to the drilling of formal arithmetic ' (Berman 1935, p. 40) . The experimental students instead got years of extra practice in reading, writing, and thinking:
In one [traditionally taught] fourth grade I could not find a single child who would admit that he had committed the sin of reading. I did not have a single volunteer, and when I tried to draft them, the children stood up, shook their heads, and sat down again. In the four experimental fourth grades the children fairly fought for a chance to tell me what they had been reading. The hour closed, in each case, with a dozen hands waving in the air and little faces crestfallen, because we had not gotten around to hear what they had to tell. (Benezet 1935a) 4 Teaching for transfer
The examples of the army buses and of the steamers going to Portland show that traditionally taught students cannot use their knowledge except in rote, classroom problems. In traditional mathematics teaching, the applications are similar to one another, so the ideas common to all the applications include much besides the essentials. Thus the student cannot easily abstract the essential, transferable ideas ( Figure 1 ). For an idea to transfer, students must apply it in widely differing contexts. Bransford, Brown, and Cocking (1999, ch. 3) give a valuable discussion of transfer; see especially the references on how 'contrasting cases' enhance transfer (p. 48). By having students read stories, poems, and adventures, by having them read geography and history, and by having them invent their own stories, Benezet introduced students to a vast diversity of mathematical applications. In this rich environment, students learnt mathematical skills useful well beyond the classroom. The requirements for mathematical proficiency given by Kilpatrick et al. (2001) are consistent with Benezet's curriculum (Table 1) ; they complement the Benezet/Swartz physics topics (Tables 2 and  3 ); and they mesh with the features of science literacy listed by Arons (1990) .
Physics
A physics counterpart of the Benezet experiment could include a huge variety of ideas. In Table 2 we sketch a possible curriculum. 
Grade Physics and mathematics ideas
1-8 Benezet's mathematics program as a basis. Add physical quantities to it: angles, volumes, weight (mass), force (estimating only), density as students learn division, energy, power. All quantities are related to everyday experience: density of rocks, volume of houses, power required in climbing stairs or cycling, power in the falling water at Niagara Falls.
Proportional reasoning and scaling: 'If you double the side of a cube, what happens to the volume?' Use scaling throughout, starting in grade 4, with the introduction of square measure, and emphasize it especially in grade 8.
9-11
Gravitation, motion of planets by hand simulation to develop a tick-by-tick model of how Newton's second law works. Dimensions, units, dimensional analysis to guess formulae. Springs, waves, sound, music, pressure. Matter is made of atoms. This order would fit with a physics-first curriculum (Livanis 2001) as suggested by Leon .
12
Begin exact calculations, including conservation laws.
Qualitative assessment could include estimation problems:
How many miles must I run to burn off the calories from a candy bar? How high can animals jump as a function of size? Why are hummingbirds so tiny? Estimate for your country the fractional change in the average miles per gallon (or km/liter) of gasoline used by automobiles if the speed limit is changed from 55 mph (or 88 km/hr) to 75 mph (or 120 km/hr).
High-school students could try to find flaws in perpetual-motion machines. Here are two such machines:
1. Bouncing. A ball bounces elastically off a wall (in one dimension): It strikes and rebounds with velocity V and energy is conserved. In a reference frame that moves with the initial velocity of the ball, the ball before the bounce has velocity 0; and after the bounce, velocity 2V . In this frame, energy is not conserved. Are you worried? 2. Buoyancy.
The figure shows a cross-section of a long trough, showing a cylinder free to rotate about the spindle at its center, but not free to move off axis. The mercury and water are kept from mixing by an impermeable membrane. The upward arrows show the buoyant forces on each half of the cylinder, with the mercury's contribution greater than the water's by a factor of 13 (the density ratio). So the spindle should rotate and, by symmetry, keep rotating. Perpetual motion?
After completing Table 2 , we stumbled across an editorial by Cliff . Swartz suggests topics (Table 3) for K-12 science education that seem compatible with the physics and mathematics ideas of Table 2 . His description of how to chose the important topics reminds us of Benezet:
Here are some samples of my proposed standards for physics topics. . . The theme is that. . . all physics standards K-12 should emphasize the quantitative. . . I mean dealing with the size of things, relating numbers to measurable and measured magnitudes, necessarily therefore paying attention to significant figures and knowing how to do order-of-magnitude, zeroing-in calculations. . . my elementaryschool science standards involve only topics and experiences that are literally tangible. The change to abstraction should be proceed only during junior high, in general to be introduced only after concrete examples. . . The National Committee, NSTA, AAAS, Albert Shanker, and everyone else is making lists of standards. Physics teachers should produce their own list before some power from on high congeals a new federal dogma in our name.
What is the relationship of the Benezet/Swartz material in Tables 2 and 3 to the physical-science portion of the National Science Education Standards (National Research Council 1996a) shown in Table 4 ? The Benezetian items in Tables 2 and 3 are concrete examples of general categories in Table 4 . In our view, Tables 1 and 2 may give teachers a clearer idea of possible nuts and bolts for a worthwhile K-12 science and mathematics education. .
Grade Physics and mathematics topics
1-6 Use standard measuring tools.
Students measure their foot lengths, then organize and interpret a class distribution graph.
Students time their pulses, plot a distribution of class results, and make comparisons with results of before and after physical exercise.
Select the needed apparatus and make all the measurements, calculations, and graphs to determine who runs faster in their class, tall kids or short kids.
7-9
Use standard measuring tools.
Use wire, battery, and bulb with the right tools and connectors to make the bulb light.
With a convex lens as a magnifier, produce both real and virtual images.
Measure the volume and mass of an object and calculate its density.
Measure work input and output of a simple machine.
Use echoes to measure the speed of sound.
10-12 Use standard measuring tools.
Given the mass of a pollutant in a quantity of water, calculate the degree of pollution in parts per million.
Organize the history of the universe on a power-of-ten map.
Characterize the electromagnetic spectrum in terms of wavelengths, frequencies, and photon energies, doing necessary calculations and examples to illustrate each regime.
Use Archimedes' principle to explain how a boat floats.
After considering Benezet's articles, the late Arnold Arons (2000) wrote to us:
I have looked at the Benezet papers, and I find the story congenial. 1993, 1997, 1998 , which has even more resources and references.
Quantitative assessment could include various 'Classroom Assessment Techniques' (NISE 2001) and diagnostic tests of conceptual understanding , NCSU 2001 . Unfortunately, there are, 
So what?
Sixty years ago, in a small New England mill town, a creative superintendent made mathematics meaningful for students. Students today still leave traditional mathematics and science classes with almost no conceptual understanding of the subjects and little ability to solve real-world problems. For too long the pioneering experiment of Benezet has been ignored by the education community.
We hope the reader will forgive the length of following quotation, which describes teaching that we all can admire. Berman attended a demonstration lesson in which Benezet taught one of the experimental classrooms:
. . . the children were on their feet every chance they could possibly get to tell all they knew. They were free to think and, indeed, made the most of every opportunity. One could see mental expansion in actual operation, and also observe satisfactions register, when accredited with right answers or worthwhile opinions [,] for every second brought something to challenge their interests, and which they had to reach high to get. The teachers present saw no parasites but rather children who were taking a delight in independent intelligent thinking. These children were very much alive and their was not a single instance of a child being self-conscious or wishing to be over-looked. These children were free and unhampered by formal procedure and were finding themselves a part of the great world and scheme of things in which their knowledge and opinions mingled with those of older folks. They were transmitting and acquiring knowledge, and by means of directed guessing, when in doubt, were developing judgment. These children of a sixth grade were, indeed, laying the foundation for worthwhile thinking and judgment which is so essential to intelligent citizenship. These active and thinking individuals not only transmitted and received knowledge but also lived and felt the things they talked about because they were being brought up on Mr. Contains essays by researchers in education and by historians of more rapidly developing institutions such as power systems, communications, health care, and agriculture. Sets out to answer a challenge posed by Kenneth Wilson:
If other major American 'systems' have so effectively demonstrated the ability to change, why has the educational 'system' been so singularly resistant to change? What might the lessons learned from other systems' efforts to adapt and evolve, have to teach us about bringing about change -successful change -in America's schools?
See also http://www.physics.ohio-state.edu/˜redesign/ .
6. A * preceding a reference indicates that the reference is also given in Section 9. Hawkins, and P. Morrison (1985) . Hammer 1999) . . . , second-graders a little more, and third-graders still more. Then for the eleventh-or twelfth-grader, a physics course would be a manageable step upward. Some might choose to take it, some not, but few would be barred by lack of 'talent' or 'background'. [Our italics.] Looking at our built world, most physicists see order where many others see magic. This view of order should be available to all, and physics would flourish better in an appreciative society. Despite the remarkable developments in the teaching of physics in the last half century, too many people, whether they've had physics courses or not, don't have an inkling of the power and value of our subject, whose importance ranges from the practical to the psychological. We need to supplement people's experiences in ways that are applicable to different groups, from physics majors to people without formal education. I will describe and explain an ambitious program to stimulate scientific, engineering, and technological interest and understanding through direct observation of a wide range of phenomena and experimentation with them. For the very young: toys, playgrounds, kits, projects. For older students: indoor showcases, projects, and courses taught in intensive form. For all ages: more instructive everyday surroundings with outdoor showcases and large demonstrations Kohn, A. (1999 . . . on average, teacher's salaries ought to be about 50% higher than they are now. Some teachers, including the very best, those who teach in shortage fields (e.g., math and science) and those who teach in the most challenging environments (e.g., inner cities) ought to have salaries about twice the current norm. . . Simple arithmetic applied to publicly available data shows that the increased cost would be only 0.6% of the GDP, about one-twentieth of what we pay for health care. I'd assert that if we can't bring ourselves to pony up that amount, we will pay far more dearly in the long run.
